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Time-resolved ﬂuorescenceWe report sphingolipid-related reorganization of gel-like microdomains in the plasmamembrane of
living Saccharomyces cerevisiae using trans-Parinaric acid (t-PnA) and 1,6-diphenyl-1,3,5-hexatriene
(DPH). Compared to control, the gel-like domains were signiﬁcantly reduced in the membrane of a
sphingolipid-deﬁcient lcb1-100mutant. The same reduction resulted from sphingolipid depletion by
myriocin. The phenotype could be reverted when a myriocin-induced block in sphingolipid biosyn-
thesis was bypassed by exogenous dihydrosphingosine. Lipid order of less-ordered membrane
regions decreased with sphingolipid depletion as well, as documented by DPH ﬂuorescence anisot-
ropy. The data indicate that organization of lateral microdomains is an essential physiological role
of these structural lipids.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction of Lo and Ld phases coexist under physiological conditions, Lo (raft)Sphingolipids (SL) are structural lipids involved in many
physiologically important cell signaling cascades [1,2]. In ternary
mixtures with phospholipids and sterols, SL form bilayers which
can adopt, depending on abundance of individual components,
several structural arrangements corresponding to different ther-
modynamic phases: in gel (solid ordered, So) phase, lipid molecules
containing long acyl chains in all-trans conformation (mainly
sphingolipids) are tightly arranged in a 2D crystalline lattice, while
lipids in liquid phases undergo free lateral diffusion. According to
the average conformation of phosphoglycerol- and SL acyl chains,
liquid disordered (Ld) and sterol-enriched liquid ordered (Lo) phase
are further distinguished [3].
It seems evident nowadays that biological membranes exhibit
microdomain organization, too. Local protein and lipid accumula-
tions are supposed to generate differential microenvironments, in
which speciﬁc biological functions are executed [4,5]. Various
mechanisms of lateral domain formation have been formulated
to date [6,7]. The most popular, so called ‘lipid raft’ theory antici-
pates that lateral microdomains exhibiting order characteristicsfraction being based on unspeciﬁc sterol-SL binding ([5] and refer-
ences therein). Increasing evidence is being accumulated, however,
that bipartite segmenting to raft and non-raft fraction is not en-
ough to describe in full the appearance of biological membranes.
Instead, more complex views of the membrane admitting numer-
ous types of microdomains are arising [8,9]. In particular, presence
of So phase, gel-like microdomains in the plasma membrane has
been indicated [10–12]. Their possible enrichment in monohydr-
oxylated ceramides [13], but not sterols has been reported [14].
Employing ﬂuorescence intensity and anisotropy decays of 1,6-
diphenyl-1,3,5-hexatriene (DPH) and trans-parinaric acid (t-PnA),
we monitor changes in membrane order and the abundance of
highly ordered So domains. To our best knowledge, we report the
ﬁrst measurements of the t-PnA time-resolved ﬂuorescence anisot-
ropy in living cells. Using SL-depleted cells and the same cells with
SL levels replenished by exogenous sphingoid bases, we bring
unequivocal evidence that So microdomains in the plasma mem-
brane of living Saccharomyces cerevisiae are composed of sphingo-
lipids. Participation of these structural lipids in regulation of
membrane order outside So microdomains is strongly indicated.
2. Materials and methods
2.1. Cell strains and growth conditions
We used S. cerevisiae strains RH1800 (denoted as wild type;
MATa leu2 trp1 ura3 lys2 bar1) and RH3804 (lcb1-100; MATa
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Fig. 1. Simpliﬁed biosynthetic pathway of yeast sphingolipids.
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grown in a synthetic minimal medium (0.67% Difco yeast nitrogen
base without amino acids, 2% glucose and essential amino acids) to
an early log phase (optical density OD600nm = 0.5). In all experi-
ments including lcb1-100 strain, the cultivation was performed at
25 C. Otherwise, cells were cultivated at 30 C.
2.2. Cell staining
Cells were gently collected, washed (3) in sterile water and
resuspended in 10 mM MES (2-[N-morpholino]ethanesulphonic
acid) buffer, pH = 6.0, to OD600nm = 0.5. The cell suspension in a
cuvette was stained by an addition of a stock solution of DPH in
methanol to the ﬁnal DPH concentration of 1.5 lM. The suspension
was then incubated for 20 min at 25 C. Alternatively, a small
aliquot of stock solution of t-PnA in ethanol was added to the ﬁnal
concentration of 150 nM and cells were incubated for 6 min. In all
cases, the ﬂuorescence measurement immediately followed the
staining procedure. Measurements of the unstained cell suspen-
sion right before the addition of the dye was always performed
under exactly the same conditions. This procedure avoided any
cell-concentration mismatch and allowed for an accurate correc-
tion of background ﬂuorescence. Samples were continuously
stirred during both the staining and data collection. Fresh suspen-
sion was used for each measurement and exposure of samples to
light was minimized.
2.3. Time-resolved ﬂuorescence
Fluorescence intensity and anisotropy decays were measured
on an apparatus comprised of a laser excitation and a time-corre-
lated single photon counting detection (Becker & Hickel, SPC150)
with a cooled MCP-PMT (Hamamatsu, R3809U-50). t-PnA emission
was excited at 318 nm by the third harmonic of the Ti:Sapphire la-
ser (Coherent, Chameleon Ultra II). t-PnA emission was collected at
420 nm using a H-20 monochromator (HORIBA, Jobin-Yvon)
equipped with a stack of 435/40 bandpass ﬁlter (Semrock, IL)
and a long-pass ﬁlter (405 nm) placed in front of the input slit.
DPH was excited at 355 nm, emission was isolated at 430 nm using
the same monochromator and ﬁlter combination. All experiments
were performed at 23 C.
Intensity decays were acquired under magic-angle conditions,
polarized components required for construction of the ﬂuores-
cence anisotropy were accumulated quasi-simultaneously with a
switching frequency of 30 s.
2.4. Associated anisotropy decays
Anisotropy decays of t-PnA were ﬁtted by the associative model
describing ﬂuorescence depolarization in heterogeneous systems
[15]. t-PnA partitioning between the liquid (L) and gel (G) phases
was supposed to exhibit monoexponential anisotropy decay rL(t)
and rG(t), respectively, with distinct correlation times and limiting
anisotropies:
rLðtÞ ¼ r0  expðt=/LÞ þ r1;L and rGðtÞ
¼ r0  expðt=/GÞ þ r1;G ð1Þ
Overall anisotropy decay from a mixture of both environments
is given by the additivity law:
rðtÞ ¼ fG  rGðtÞ þ fL  rLðtÞ ð2Þ
where fL(t) and fG(t) are time-dependent intensity fractions of t-PnA
in the respective phases. The fractions were evaluated from mea-
sured ﬂuorescence decays using Supplementary Eq. (S4) and keptﬁxed. The adjustable parameters were correlation times (/G and
/L), limiting anisotropies (r1,G and r1,L) and r0 only.
3. Results
3.1. Plasma membrane of sphingolipid-depleted cells is less ordered
compared to wild type
Sphingolipids were shown to signiﬁcantly affect physical mem-
brane properties and domain organization in liposomes [16,17].
Since the amount of SL in plasma membrane is carefully controlled
[1], we asked whether it affects lateral membrane organization in
living cells as well. We therefore probed plasma membranes of
control and SL-depleted cells by 1,6-diphenylhexatriene (DPH), a
lipophilic dye widely used in membrane order studies [18]. We
analyzed emission and ﬂuorescence anisotropy decays of DPH-
stained suspension of the thermosensitive deletion strain lcb1-
100 [19] and compared them to those of wild type. Essential
LCB1 gene encodes a subunit of serine palmitoyltransferase, a key
enzyme complex in the SL biosynthesis pathway (Fig. 1), and is re-
quired for its activity. In lcb1-100 cells the SL biosynthesis is
blocked under heat-stress conditions (37 C) and even at the per-
missive temperature of 24 C the amount of SL drops to 38% of
the wild type value [20].
Time-resolved ﬂuorescence anisotropies of DPH in lcb1-100 and
wild type cells are presented in Fig. 2. Rotational constraint of DPH
is reﬂected in the limiting anisotropy r1, lower r1 indicates higher
rotational freedom and lower lipid-chain order [21]. We detected
signiﬁcantly decreased r1 in the lcb1-100 cells compared to the
wild type being 0.086 ± 0.003 and 0.106 ± 0.003, respectively
(Fig. 2). Correlation times / reﬂecting rotational diffusion of the
probe (Supplementary Table S1) as well as DPH emission decays
(Supplementary Table S2) remained essentially unchanged after
the SL depletion. Our data show that although the chemical micro-
environment of DPH is similar in plasma membranes of the two
strains, lcb1-100 cells are unable to compensate for the loss of SL
and exhibit reduced overall membrane order.
3.2. The amount of gel-like microdomains is reduced in the plasma
membrane of lcb1-100 cells
Sphingolipids promote formation of highly ordered membrane
domains in liposomes and artiﬁcial membranes [16,17,22,23]. Re-
cently, it has been also suggested that they could be involved in
Fig. 2. Fluorescence anisotropy decays of DPH in plasma membranes of wild type (s) and lcb1-100 (d) cells. Solid lines represent the best ﬁt.
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cells [14]. We therefore compared relative abundance of the
highly-ordered membrane environment in wild type and SL-de-
pleted lcb1-100 cells using t-PnA.
t-PnA is a naturally occurring ﬂuorescent fatty acid that has
been extensively used for probing of lipid organization in simple li-
pid bilayers [17,24,25], and biomembranes [14,26]. Unlike other
membrane probes, t-PnA possesses unique property of preferential
partitioning into the highly-ordered gel phase with a partition
coefﬁcient of about ﬁve [17,24]. The probe is essentially non-ﬂuo-
rescent in water and exhibits characteristic quantum yields and
lifetime components in ﬂuid and gel phases. Fluorescence emission
of t-PnA is complex, typically exhibiting several lifetime compo-
nents even in homogenous solvents and pure lipid bilayers [25].
The decay complexity increases with heterogeneity of the mem-
brane system, as demonstrated on liposomes with segregated ﬂuid
and gel phases [17,23]. Importantly, it has been unequivocally
shown on variety of model membranes that partitioning of t-PnA
to the gel phase is accompanied by an appearance of a new charac-
teristic long-lived emission with lifetime longer than 30–40 ns
[16,22–24]. The longest lifetime component of t-PnA in mem-
branes with Lo domains is somewhat shorter (25-30 nsec) that that
in the gel state [17]. Due to its unique properties t-PnA represents
an unparalleled tool for speciﬁc probing of the gel environment.
We found that emission decays of t-PnA in lcb1-100 and wild
type cells signiﬁcantly differ (Fig. 3). Decreased tail of the decay
from lcb1-100 cells indicates signiﬁcantly smaller fraction of
long-lifetime components. In addition, parallel decay tails indicate
similar lifetime values of these components. Detailed MEM analy-
sis [27] of both lcb1-100 and wild type cells revealed four t-PnA
emission decay components with lifetimes ranging from 2 to
55 ns (Table 1, Supplementary Fig. S1). While detailed assignment
of shorter components is difﬁcult, the longest and, in terms of
intensity, the most abundant component with lifetime sG  55 ns
can be safely assigned to t-PnA entrapped in a highly-orderedenvironment equivalent to gel-like domains [16,22–24]. Similar
sG values above 50 ns were reported on liposomes where sG in-
creased with a fraction of phosphoceramides [17,22]. As apparent
from Table 1, decrease of the mean lifetime from 46 ns in wild type
to 32 ns in lcb1-100 cells is caused mainly by dramatic reduction of
the aG amplitude. Since amplitudes are related to the amount of
emitting species in the illuminated volume, this ﬁnding clearly
indicates reduced amount of the ordered environment in lcb1-
100 cells. The same sG values in both strains agree with this con-
clusion and indicate that the long-lived emission originates from
similarly packed lipid environments.
To further support the observed reduction of the gel-like do-
mains upon the SL depletion, we compared t-PnA ﬂuorescence
anisotropies of lcb1-100 and wild type cells. Both anisotropy de-
cays depicted in Fig. 4 exhibit biphasic behavior that is a clear sign
of membrane heterogeneity when probe with a phase-sensitive
quantum yield partitions between phases with rather different ﬂu-
idity and/or membrane order [15]. Similar t-PnA anisotropies were
observed on mixed-lipid bilayers [15,25,28]. Importantly, both r1,G
and r1,L, and correlation times /G and /L belonging to the gel (G)
and liquid (L) phases, respectively, can be extracted from the data
[15,25]. As seen from the raw decays, r1 remains preserved in lcb1-
100 and wild type cells. Since all short-lifetime components of the
t-PnA decay are essentially extinct at times above 100 ns, the sig-
nal contributing to r1 belongs to sG and should originate from a
highly ordered environment that displays the same lipid order in
both strains. Fitting results from Table 2 conﬁrm this ﬁnding and
show that not only r1,G but also r1,L remains preserved upon SL
depletion. The obtained r1 values of about 0.18 and 0.31, respec-
tively, closely resemble those reported for ﬂuid and solid phases
on mixed-lipid bilayers [25,28]. This is signiﬁcant independent
evidence that the long lifetime component originates from the
gel-like environment. Similar /G and /L values suggest comparable
rotational diffusion rates of t-PnA in both environments and both
cell types. It has to be noted that the proportion between the ﬂuid
Fig. 3. Fluorescence decays of t-PnA in plasma membranes of wild type (s) and lcb1-100 cells (d). Solid lines represent the best ﬁt and crosses impulse response function.
Inset: fractional amplitudes of the gel-phase component.
Table 1
Fluorescence decay parameters of t-PnA in plasma membranes of wild type and lcb1-100 cells.
smean (ns)a a1 s1 (ns) a2 s2 (ns) a3 s3 (ns) aG sG (ns) fGd
Wild type 46.2 0.27 2.2 0.30 7.4 0.09 21.1 0.34b 54.6 0.80
lcb1-100 31.7 0.45 2.5 0.31 5.7 0.15 15.0 0.09c 54.8 0.49
a smean was calculated using Eq. (S3); S.D. < 0.05 ns.
b S.D. < 0.02.
c S.D. < 0.01.
d The intensity fraction was calculated using Supplementary Eq. (S4).
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during the ﬁtting. Since this represents a serious constraint, suc-
cessful ﬁt strongly indicates both an internal consistency of the
model and correct assignment of t-PnA lifetimes to gel and ﬂuid
environment. Anisotropy data fully conﬁrm conclusions from the
lifetime analysis that the fraction, not properties of ﬂuid and gel
phases is altered in the plasma membrane of lcb1-100 cells.3.3. Abundance of gel-like microdomains reﬂects speciﬁcally the
variations in sphingolipid levels
Deletion of the LCB1 gene is lethal and even at the permissive
temperature the lcb1-100 cells exhibit rather complex phenotype
[19]. In order to exclude any possible interference resulting
from the long-term metabolic adaptation of lcb1-100 cells, we
Fig. 4. Fluorescence anisotropy decays of t-PnA in plasma membranes of wild type (s, black line) and lcb1-100 cells (d, gray line). Solid lines represent the best ﬁt.
Table 2
Fluorescence anisotropy decay parameters of t-PnA in plasma membranes of wild
type and lcb1-100 cells.a
r0
b /G (ns) /L (ns) r1;Gc,f r1;Lc,f
Wild type 0.35 2.2d 1.7d 0.314 0.176
lcb1-100 0.37 1.3e 1.1e 0.308 0.179
a Decay associated anisotropies were analyzed using t-PnA decay parameters
from Table 1. aG and sG were associated with the gel phase [16,17,25], the rest of the
decay with the liquid phase.
b S.D. < 0.02.
c S.D. < 0.003.
d S.D. < 2 ns.
e S.D. < 5 ns.
f The second-rank order parameter <P2> can be calculated as: < P2 >¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r1=r0
p
.
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myriocin, a speciﬁc inhibitor of serine palmitoyltransferase [29].
Since this enzyme catalyzes the ﬁrst step of the sphingosine
biosynthesis (Fig. 1), the myriocin treatment resulted in a rapid
depletion of SL intermediates and a decrease in total membrane
sphingolipids [30].
We found that myriocin treatment (2 h incubation with 5 lM
myriocin) induced similar changes in ﬂuorescence decay of t-PnA
as deletion of the LCB1 gene (compare Fig. 5 and Fig. 3). While sG
remained unchanged, 3-fold decrease in aG after myriocin-induced
SL depletion caused shortening of smean from 49.1 to 40.5 ns
(Table 3).
Block of SL biosynthesis by myriocin can be bypassed by addi-
tion of exogenous long-chain bases [29] . We therefore added to
the myriocin-treated cells (2 h cultivation with myriocin) 20 lM
DHS and incubated the culture for additional 2 h before measure-
ments. The obtained results of this DHS supplement are shown
in Fig. 5 and Table 3. Fig. 5 suggests that the long-decay component
of t-PnA ﬂuorescence becomes restored in DHS-supplied cells and
its fraction even exceeds the wild type control. This observation isconﬁrmed by values in Table 3. While sG remains unchanged, aG
signiﬁcantly surpasses the control mirroring elevated amount of
SL-rich gel domains (Fig. 5, inset). The higher amount of highly or-
dered microdomains is in full agreement with ﬁndings of Riezman
group, who reported 38% increase of SL levels in membranes of
cells fed with exogenous DHS [20]. Reversibility and a rate of the
observed changes indicate that the cell wall does play signiﬁcant
role in the reported effects and does not bias t-PnA emission.
4. Discussion
In this study, we combined measurements with two widely
used reporters of membrane order, DPH and t-PnA, to characterize
changes in the plasma membrane organization induced by varia-
tions in SL levels. Each dye incorporates into the membrane in a
speciﬁc manner: while t-PnA is anchored at the membrane surface
and its tetraene ﬂuorophore penetrates not deeper than to the
8th–15th carbon of surrounding acyl-chains, which in SL typically
contain 26 carbons, DPH ﬂoats freely in the membrane core and
reaches even its less ordered central part. Existence of a transmem-
brane lipid-order gradient was documented earlier by both ﬂuores-
cence and magnetic resonance [31,32]. Accordingly, DPH reported
lower limiting anisotropies as compared to t-PnA (compare Sup-
plementary Table S1 and Table 2).
Both DPH and t-PnA registered massive SL depletion in lcb1-100
cells. This was manifested as a signiﬁcant decrease in overall
membrane order reported by DPH ﬂuorescence anisotropy
(Fig. 2). Surprisingly, t-PnA anisotropy decays in wild type and
lcb1-100 cells revealed similar r1 for both gel and liquid mem-
brane fractions (Table 2). This indicates that order of both solid
and liquid parts of the membrane remained unaffected, just their
relative proportions changed. The latter conclusion is supported
also by t-PnA intensity decays, where low SL levels in lcb1-100
and myriocin-treated cells resulted in reduction of long-lifetime
amplitude (Figs. 3 and 5). The decrease in SL in lcb1-100 cells is
Fig. 5. Effect of SL levels on ﬂuorescence decays of t-PnA. Levels of SL in wild type cells (s) were decreased by myriocin (5 lM, 2 h incubation, d) and restored back by
exogenous DHS (20 lM, 2 h incubation, gray diamonds). Solid lines represent the best ﬁt and crosses impulse response function. Inset: fractional amplitudes of the gel-phase
component.
Table 3
Fluorescence decay parameters of t-PnA in plasma membranes treated with myriocin and DHS.
smean (ns)a a1 s1 (ns) a2 s2 (ns) a3 s3 (ns) a4 s4 (ns) aG sG (ns) fGb
Control 49.1 0.25 2.3 0.26 4.6 0.14 18.1 – – 0.35c 57.1 0.82
Myriocin 40.5 0.44 1.7 0.31 5.7 0.09 14.1 0.04 38.0 0.12c 58.3 0.58
DHS 48.2 0.13 3.2 0.17 9.9 – – 0.28 31.0 0.42d 57.9 0.69
a smean was calculated using Eq. (S3); S.D. < 0.05 ns.
b The intensity fraction was calculated using Supplementary Eq. (S4).
c S.D. < 0.06.
d S.D. < 0.12.
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mains, while the order of liquid domains does not change. Biolog-
ical impact of this ﬁnding is straightforward: the cells are able to
preserve a minimal membrane order – the parameter which deter-
mines membrane permeability and, consequently, cell viability –
even after almost 3-fold [20] drop in SL levels.
We show that the abundance of gel-like domains was restored
in cells with blocked sphingolipid biosynthesis, when supplied
with exogenous DHS (Fig. 5). Recently, Aresta-Branco et al. [14] ob-
served signiﬁcant reduction of these domains in cells lacking
sphingolipid alpha-hydroxylase Scs7. Plasma membranes of scs7D
cells exhibit normal lipid composition with a speciﬁc exception:
drastically reduced levels of hydroxylated ceramides and complex
SL are mirrored in almost identical increases in ceramides lacking a
hydroxyl group on the fatty-acyl chain [13]. Altogether, these data
strongly support the idea that SL themselves constitute highly or-
dered microdomains in the plasma membrane of living cells.
The method we used does not allow for localization of the So
microdomains in the frame of the so far identiﬁed microdomain
architecture of the yeast plasma membrane. We can only speculate
that they will be excluded from ergosterol-enriched membrane
compartment of Can1 (MCC). On the other hand, sphingolipids
are required for plasma membrane trafﬁcking and function of pro-
ton ATPase Pma1 and could stay associated with this most abun-
dant protein of the yeast plasma membrane. SL-enriched So
domains would be, therefore, a hot candidate for structural corre-
late of membrane compartment of Pma1 (MCP; [7] and citations
therein). It has to be emphasized that the degree of order in these
microdomains highly exceeds that of the hypothesized lipid rafts
enriched in sterols and SL. Following the raft analogy, SL-based
gel-like domains represent rather solid ice-ﬂoes in the otherwise
ﬂuid membrane.
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